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Abstract 
The case study points on the water distribution system (WDS) of Buzau City, a medium-sized city in South-Eastern Romania. 
We built a simplified numerical model of Buzau's main WDS in EPANET, which connects 4 pumping stations to 45 booster 
stations (end-users) and other users. The model was calibrated upon real-time recordings from 2014. The pumping scheduling is 
established upon control statements driven by the: c discharge pressure of the corresponding pumping station; d pressure levels 
at selected key points in the network (here, one pumping station can be shut down). Energy consumptions were calculated and 
compared with the current situation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of CCWI 2015. 
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1. Introduction 
Buzau City is a medium-sized city with about 115000 inhabitants; it is the county seat and principal city of Buzau 
County, located in South-Eastern Romania. The water supply system of Buzau City is based on 4 main groundwater 
sources (with 78 wells and a total flow rate of 1210 l/s), 16 km of intake pipes and 4 Water Treatment Plants (with 
11 storage tanks of 35500m3 total capacity and 4 pumping stations with a total of 15 centrifugal pumps). The main 
water distribution network supplies water from the pumping stations to 45 booster stations and other end-users. It 
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consists of about 130 km of pipes with diameters ranging between 600 mm and 100 mm. One pumping station 
(denoted as PS1) is equipped with 4 constant speed pumps, while the other 3 stations (denoted PS2÷PS4) are 
working with variable speed driven pumps. 
Due to the consumption reduction over the last two decades (caused mainly by the disappearance of the industrial 
consumers and metering of the consumers), nowadays all 4 pumping stations are oversized and need refurbishment 
 e.g. in 2014 only 6 pumps were used at peak-hours, and 2 pumps at off-peak hours. Procurement of new pumps is 
prohibitive for the moment, so the above mentioned refurbishment focuses on the pumping station PS1, where one 
must decide if it is worth refurbishing it, to operate with variable speed driven pumps, or if one can shut down it 
definitively. Consequently, a new operating algorithm of all pumping stations must be implemented, for both 
scenarios. 
The goal of the present study is to propose a pumping operation schedule for Buzau's water distribution system, 
able to ensure the energy consumption reduction and therefore, cost reduction, with respect to available recordings. 
For a pumping station equipped with variable speed driven pumps, operating under variable demand, the 
algorithm attached to pumping scheduling is generally controlled by the pressure on the discharge pipe of the 
pumping station [1]÷[3]. If one dispose of pressure recordings in key monitoring points spread over the network 
serviced by the pumping station, the algorithm may be improved by setting as ruling parameter the pressure 
recorded at some key monitoring point [1], called further as "requested pressure"; this requested pressure will vary 
between a lower limit and an upper limit. Within this improved algorithm, when the pressure at the selected key 
point is below the lower limit of the requested pressure (due to the water demand increasing), the pumps speed is 
increased so that the pressure stays above the lower limit; similarly, when the pressure at the selected key point is 
above the upper limit of the requested pressure (due to the water demand decreasing), the pumps speed is decreased 
so that the pressure stays below the upper limit. Usually, the upper and lower limits of the requested pressure are 
adjusted to very close values, to ensure undetectable variations of pressure at end-users. 
When dealing with several pumping stations in a water distribution system (WDS), the difficulty is to select for 
each pumping station the appropriate key point (KP) that is mainly (ideally 100%) feed by the considered pumping 
station. If several key points are found in the area that is mainly controlled by a certain pumping station, then one 
can choose heuristically a single key point among them, e.g. the most disadvantaged one. 
In this paper, we model in EPANET the WDS of Buzau City, to quantify the energy consumption, for two 
versions of the pumping stations scheduling, namely based on control statements driven by the: c discharge 
pressure of the corresponding pumping station, and d pressure levels at selected key monitoring points in the 
network. For the first version, at the pumping station PS1 that operates with constant speed pumps, the pumped flow 
is modified through discharge valves, while at the pumping stations PS2÷PS4, pumps are working at variable speed. 
For the second version, two scenarios are implemented: d1 where all pumping stations PS1÷PS4 are working with 
variable speed pumps, and d2 where PS1 is shut down and only 3 pumping stations PS2÷PS4 are working with 
variable speed pumps. For that last version, the Trace parameter of EPANET is used to establish the appropriate key 
point for each pumping station. The whole analysis is performed for Winter season and for Summer season. Finally, 
computed energy consumptions are compared with recordings. 
2. Water distribution system description 
We built in EPANET a simplified numerical model of Buzau's main water distribution system  only pipes with 
diameters of 200 mm or greater were kept in that model, in accordance to the real network layout. The simplified 
model consists of 4 reservoirs (labeled R1÷R4 in Fig. 1) that supply 4 pumping stations (labeled PS1÷PS4 in Fig. 1), 
equipped with centrifugal pumps identical to the existing ones. 
The pumping station PS1 (called "Crang Pumping Station", located in the South-Western part of Buzau) is 
equipped with 4 constant speed pumps, all of Grundfos NK 200-400 type (75 kW; 1450 rpm). The pumping station 
PS2 (called "Dragaica Pumping Station", in the Southern part of Buzau) is equipped with 4 variable speed pumps: 
one of Vogel LMN 80-200 type (22 kW; 2940 rpm), and 3 of Vogel L 150-315 type (55 kW; 1475 rpm). The 
pumping station PS3 (called "Zahar Pumping Station", in the South-Eastern part of Buzau  former industrial area 
of Buzau) is identical to PS2. The pumping station PS4 (called "East Pumping Station", in the North-Eastern part of 
Buzau) is equipped with 3 variable speed pumps: one of Vogel LMN 80-200 type (22 kW; 2940 rpm), and 2 of 
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Vogel L 125-315 type (37 kW; 1475 rpm). The characteristic curves of the above pumps (head versus flow rate 
curve, and efficiency versus flow rate curve), at their nominal speed, were inserted in the numerical model. 
The hydraulic network (Fig. 1) spreads from the pumping stations to the booster stations, which are considered 
here as end-consumers: there are 151 pipes and 123 junctions. The total pipes-length equals 62.74 km; roughness is 
estimated upon pipe's age and material, from 0.03 to 2.9 mm. Among all junctions, 45 are end-consumers with 
imposed base demand and requested pressure level (requested head)  in the real network, they represent the inlet to 
45 booster stations. 
The model was calibrated upon real-time recordings (dating from 15th January and 16th July 2014) of the flow 
rate and discharge pressure at each pumping stations, and of the pressure in 12 key monitoring points spread over 
the network, as well as upon monthly consumption (water volume recordings) at 34 booster stations (from January 
and July 2014). Thus, two models of the network were derived: one for the Winter season (based on 15th January 
2014 recordings), and another one for the Summer season (based on 16th July 2014 recordings). In accordance with 
the pumped flow rate, a demand pattern was derived for each season (Fig. 2), with an hourly time step over a 24 h 
period; both demand patterns are slightly different with respect to the Romanian standard demand pattern [4]. Each 
demand pattern was applied to the daily mean value of the water demand issued from recordings. 
It is worth mentioning the peculiarities of the water consumption in Buzau's WDS: in July 2014, the total pumped 
water volume decreased with 5% with respect to January 2014 (the daily mean value of the water demand was about 
185 l/s on 15th January 2014, and 175.4 l/s on 16th July 2014). Differences between seasons are quite accentuated at 
the booster stations, e.g. at 34 of them, where monthly recordings are available, due to the fact that at each booster 
station (which is coupled with a hot water heating system), the water volume recordings consist of the sum between 
cold water volume and hot water volume; here, the evidence shows that the cold water consumption decreased with 
15.6% in July with respect to January 2014, while the hot water consumption decreased with 36% in July with 
respect to January 2014. 
 
 
Fig. 1. Numerical model of Buzau's main water distribution system (PS = pumping station; D_PS = discharge node; KP = key point). 
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(a)  (b)  
Fig. 2. Demand pattern over 24 h during the: (a) Winter season  January; (b) Summer season  July. 
In Fig. 1, we denoted the working pumps as PS1_1,..., PS4_1, and PS1_2,..., PS3_2; the discharge nodes of the 
pumping stations are labelled as D_PS1,..., D_PS4; there are 4 key monitoring points: KP1,..., KP4 considered in 
this study. In Table 1 we resume the available recordings for Buzau WDS, by computing the participation (in 
percents) of each working pump, in terms of pumped flow rate with respect to the total flow rate delivered to end-
users during a day. In the same table, we add the daily mean value of the discharge pressure for each pumping 
station (at D_PS1÷ D_PS4), together with the corresponding maximum and minimum values of the pressure; the 
mean discharge pressure values will be used further as control parameters within the version c of the pumping 
scheduling. Finally, in Table 1, we add the daily mean value of the requested pressure at each key monitoring point 
(KP1÷KP4), together with the corresponding maximum and minimum values of the pressure; those mean requested 
pressure values will be used further as control parameters within the version d of the pumping scheduling. 
       Table 1. Synthesis of the available recordings for Buzau WDS. 
Date of recording (total duration 24 h) 15th January 2014 16th July 2014 
Pumped flow rate with respect to the total flow rate delivered to end-users over 24 h (%) 
Pump PS1_1 21.78 21.66 
Pump PS1_2 16.96 17.68 
Pump PS2_1 8.87 8.16 
Pump PS2_2 9.72 8.92 
Pump PS3_1 35.93 35.92 
Pump PS3_2 0 0.52 
Pump PS4_1 6.74 7.14 
Total 100 100 
Minimum value/ daily mean value/ maximum value of the discharge pressure for each 
pumping station (bar) 
D_PS1 2.00/ 2.07/ 2.15 1.98/ 1.99/ 2.12 
D_PS2 2.32/ 2.38/ 2.44 2.32/ 2.41/ 2.47 
D_PS3 2.60/ 2.76/ 2.90 2.59/ 2.77/ 2.99 
D_PS4 2.27/ 2.33/ 2.40 2.28/ 2.34/ 2.43 
Minimum value/ daily mean value/ maximum value of the requested pressure at each key 
monitoring point (bar) 
KP1 1.79/ 1.87/ 1.93 1.75/ 1.84/ 1.96 
KP2 2.42/ 2.46/ 2.49 2.40/ 2.42/ 2.52 
KP3 2.25/ 2.37/ 2.46 2.28/ 2.38/ 2.51 
KP4 2.24/ 2.33/ 2.44 2.30/ 2.35/ 2.46 
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3. Pumping station scheduling controlled by the discharge pressures 
Within the version c of the pumping algorithm, the control statements are driven by the discharge pressure 
values of the corresponding pumping station (in nodes D_PS1÷D_PS4 from Table 1). As stated in Section 1, the 
pumping station PS1 operates with constant speed pumps, so the pumped flow is modified through discharge valves 
(throttle control valves  TCV in EPANET), while pumping stations PS2÷PS4 operate with variable speed driven 
pumps. To run the hydraulic analysis, the following settings were inserted in the numerical model: in pumping 
station PS1, two pumps (PS1_1 and PS1_2) are working at nominal speed upon simple controls, yielding to on/off 
switches combined with adjustments of the minor loss coefficient of their TCV; in the remaining pumping stations, 
5 pumps (PS2_1, PS2_2, PS3_1, PS3_2, PS4_1) are working with variable speed upon rule-based controls [1]÷[3], 
[5]÷[7]; 8 pumps within this WDS are always closed. 
In Fig. 3 we present the computed flow rate in Buzau's WDS at 7:00 p.m., for the Winter season; for the selected 
7 working pumps, the pumped flow rate over the 24 h period is plotted in Fig. 4. Results for the Summer simulation 
are similar, only with smaller values of the flow rate and small differences in pumps' speed. 
In Table 2 we resume the computed results obtained for the pumping algorithm c, in terms of the participation 
(in percents) of each working pump to the daily total flow rate delivered to end-users. 
 
 
Fig. 3. Pumping algorithm c results: Flow rate in Buzau's WDS at 7:00 p.m.  Winter season (January). 
    Table 2. Computed pumped flow rate/Total flow rate delivered to end-users (%). 
Pumping algorithm  
Season 
Pump 
PS1_1 
Pump 
PS1_2 
Pump 
PS2_1 
Pump 
PS2_2 
Pump 
PS3_1 
Pump 
PS3_2 
Pump 
PS4_1 
Total 
c  Winter 23.88 18.16 3.40 12.77 8.74 12.37 20.68 100 
c  Summer 24.09 18.28 3.46 12.10 8.84 11.63 21.60 100 
d2  Winter 0 0 35.85 4.77 58.56 0 0.82 100 
d2  Summer 0 0 29.72 0.34 55.07 0 14.87 100 
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Fig. 4. Pumping algorithm c results: Pumped flow rate for the selected 7 working pumps  Winter season (January). 
Taking into account the fact that EPANET does not change the efficiency curve of a pump that is working at a 
rotational speed different than the nominal one [8], [9], in this study the daily energy consumption is computed 
outside EPANET, based on catalogue pumps' curves and affinity laws [7]. For the version c of the pumping 
algorithm, the daily energy consumption is of 2007.7 kWh for the Winter season simulation, and of 1985 kWh for 
the Summer season simulation. The recorded values of the daily energy consumption equal 2578.5 kWh in January 
2014, and 2474 kWh in July 2014. The gain obtained through the pumping algorithm c, with respect to recorded 
data consists in a reduction of the consumed energy, and consequently reduction of the attached cost, by 22% in 
Winter season, and by 19.8% in Summer season. 
4. Pumping stations scheduling controlled by the pressure at key monitoring points in the network 
Within the version d of the pumping algorithm, all 4 pumping stations PS1÷PS4 operate with variable speed 
driven pumps, and the control statements are driven by the pressure levels at 4 key points in the network. Obviously, 
those key points must be selected among the 12 key monitoring points where real-time recordings of the pressure 
exist (dating from 15th January and 16th July 2014). 
The flow tracing analysis is performed in EPANET through the Trace parameter [5], used to follow the path of 
water flow originating from a specific point (this parameter is expressed in flow rate percentages). 
We perform a flow tracing analysis within the previous network projects, defined in Section 3 for the first 
pumping algorithm. As trace node, we successively set the discharge node of each pumping station (D_PS1, ..., 
D_PS4). By doing this, we found 4 key points: KP1, ..., KP4, for which the daily mean value of the requested 
pressure and the corresponding maximum and minimum values of the pressure are inserted in Table 1. The flow 
trace shows that KP1 is fed 100% from the pumping station PS1 (as in Fig. 5), while KP2 is fed only up to 78.35% 
from the pumping station PS2, the remaining percentage originating from PS1 (in Fig. 5, we superposed the trace 
maps of those 2 nodes); KP3 is fed 100% from the pumping station PS3, and KP4 is fed 100% from PS4. 
As stated in Section 1, for the second version of the pumping algorithm, we modify both previous projects (for 
Winter and for Summer), in order to operate with all 7 working pumps (PS1_1, PS1_2, PS2_1, PS2_2, PS3_1, 
PS3_2, PS4_1) at variable speed, upon rule-based controls driven by the values of the requested pressure levels 
inserted in Table 1 for the nodes KP1÷KP4; the remaining 8 pumps of the system are kept closed. 
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Fig. 5. Selection of key points using Trace nodes: KP1 fed 100% from D_PS1, and KP2 fed 78.35% from D_PS2 (lower-right frame). 
In Fig. 6 we present the flow rate distribution in Buzau's WDS at 7:00 p.m. for the Summer season; results for the 
Winter simulation are similar. It turned out that the results are unexpected: the pumped flow rate at the pumping 
station PS1 diminished dramatically with respect to the recorded values, and to the values computed previously; the 
difference in flow rate was supplied by the other 3 pumping stations. This behavior might be a consequence of the 
fact that the key point KP1 is too far from the pumping station PS1. 
Following this, two scenarios appeared, namely: scenario d1 where all pumping stations PS1÷PS4 are working 
with variable speed pumps (the scenario d1 was already implemented  see Fig. 6, and only 5 of the 7 available 
working pumps delivered flow rate), and scenario d2 where the pumping station PS1 is kept shut down and only 3 
pumping stations PS2÷PS4 are working with 5 variable speed pumps. 
For the scenario d2, in Fig. 7 we present the flow rate distribution in Buzau's WDS at 7:00 p.m. for the Summer 
season. For the same scenario, the pumped flow rate over 24 h is plotted in Fig. 8, both for the Summer and for the 
Winter seasons  in both cases only 4 of the 5 available working pumps deliver flow rate. As one can see from Fig. 
8, the pumping scheduling differs from one season to the other. One must note that for the scenario d2, the key 
point KP1 is 100% fed from the pumping station PS3, as well as the point KP3, while KP2 is 100% fed from PS2. 
In Table 2 we resume the computed results obtained for the pumping algorithm d2, in terms of the participation 
(in percents) of each working pump to the daily total flow rate delivered to end-users. 
For the version d1 of the pumping algorithm (with PS1 in operation), the daily energy consumption is of 1305 
kWh for the Winter season simulation, and of 1374.7 kWh for the Summer season simulation. With respect to 
recorded data (2578.5 kWh in January 2014, and 2474 kWh in July 2014), the gain obtained through the pumping 
algorithm d1 consists in a reduction of the consumed energy (and cost), by 49.4% in Winter season, and by 44.4% 
in Summer season. 
For the version d2 of the pumping algorithm (with PS1 kept closed), the daily energy consumption is of 1223.75 
kWh for the Winter season simulation, and of 1322 kWh for the Summer season simulation. With respect to 
recorded data, the gain obtained through the pumping algorithm d2 consists in a reduction of the consumed energy 
(and cost), by 52.5% in Winter season, and by 46.6% in Summer season. 
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Fig. 6. Pumping algorithm d1 results (PS1 in operation): Flow rate in Buzau's WDS at 7:00 p.m.  Summer season (July). 
 
 
Fig. 7. Pumping algorithm d2 results (PS1 kept shut down): Flow rate in Buzau's WDS at 7:00 p.m.  Summer season (July). 
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Fig. 8. Pumping algorithm d2 results: Pumped flow rate for 4 working pumps  Summer case (upper frame); Winter case (lower frame). 
5. Conclusions 
In this paper we modelled in EPANET the water distribution system of Buzau City (Romania). The model was 
calibrated upon recordings from 2014. The pumping scheduling was established using control statements driven by 
pressure, namely: c the discharge pressure of the pumping stations, and d the requested pressure at key points in 
the network (here we found that the pumping station PS1 can be shut down). Energy consumptions were calculated 
and compared with available data: the second pumping algorithm leads to about 50% reduction of the energy/cost, 
which means that the Water Company of Buzau can get benefit by setting an appropriate pumping scheduling. 
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